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1. Chemicals and materials 

Graphene oxide (thickness 0.8-1.2 nm, diameter 0.5-5 μm) was purchased from J&K Beijing 

Co., Ltd.; Kevlar yarns were purchased from Dupont; Other chemicals were all analytical grade 

and purchased from Sigma-Aldrich, USA. Deionized water was prepared by MilliQ system. All 

reagents were directly used without further purification. 

 

2. Experimental section  

Preparation of the aramid nanofiber (ANF) and graphene oxide (GO) dispersion: 1.0 g of 

bulk Kevlar yarns and 1.5 g of KOH were added into 500 mL of DMSO, and the mixture was 

stirred for 10 days at room temperature, yielding a dark red ANF dispersion (2 mg/mL). 0.2 mg 

of GO powder was dispersed and sonicated in 100 ml of DMSO to get a GO dispersion (2 

mg/mL). 

Fabrication of composite membrane: Initially, a certain amount of ANF solution was added 

into the GO dispersion, and the mixture was sonicated for 15 min. Then, a desired amount of 

DI water was added to improve protonation, followed by sonicating for 0.5 h to form a 

homogeneous suspension. The GO/ANF mixture was vacuum filtered on the nylon filter 

membrane (47 mm diameter, 0.2 μm pore size) and washed with deionized water for several 

times. After drying in air, the GO/ANF composite membrane could be peeled off from the nylon 

filter membrane. The composite membranes were heated at 80℃ for 24 h in the oven to stabilize 

the membranes. 

 

3. Instruments 

SEM images were recorded by a field emission scanning electron microscopy (Hitachi S-

4800, Hitachi, Japan) instrument with the acceleration voltage of 5 kV. The morphology images 

of the ANF and GO were tested by transmission electron microscopy (JEOL, JEM-2100, Japan). 
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The XRD patterns were collected by a Bruker D8 advance powder diffractometer with Cu Kα 

radiation (λ = 1.5418 Å) at 40 kV. The mechanical strength of the composite membrane was 

tested by a forcemeter M5-2 (ESM301, USA) in tensile mode with a tensile speed of 10 mm 

min–1. Surface zeta potential was tested by the SurPASSTM 3 Zeta Potential Analyzer. The I-

V measurements and energy tests were performed with a Keithey 6487 semiconductor 

picoammeter (Keithley Instruments, Cleveland, OH). And the testing membrane area was about 

3 × 104 μm2, the same as previous reports.1-2  

 

4. Surface charge calculation 

The surface charge density was estimated by Zeta potential test. By using the SurPASSTM 3 

Zeta Potential Analyzer, surface zeta potential (ζ) could be obtained. The surface charge density 

was calculated according to the equation:3 

𝜎𝑠𝑢𝑟𝑓𝑎𝑐𝑒 =
𝜀𝜀0𝜉

𝜆𝐷
 

where ε, and ε0 are the permittivity of water, the permittivity of a vacuum, respectively. And 

the Debye length (𝜆𝐷) can be obtained according equation:4 

 

𝜆𝐷 = √
𝜀𝜀0𝑅𝑇

2𝑛𝑏𝑢𝑙𝑘𝑧2𝐹2
 

where nbulk, and z were the concentration of solution, the valence number, respectively. F, T, 

and R represented the Faraday’s constant, the absolute temperature, and the universal gas 

constant, respectively. 

 

5. Electrode calibration 
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In order to explore the osmotic energy harvesting performance, I-V tests under a 

concentration gradient across the membrane were employed. The sweeping voltages from -0.2 

V to +0.2 V with a step of 0.02 V was applied. As illustrated in the equivalent circuit of the 

system, the diffusion potential (Ediff) and redox potential (Eredox) contribute to the measured VOC. 

Specifically, Ediff is contributed by the power source and Eredox is from the unequal potential 

drop at the electrode-solution interface. Therefore, Ediff can be described as:  

𝐸𝑑𝑖𝑓𝑓 = 𝑉𝑜𝑐 − 𝐸𝑟𝑒𝑑𝑜𝑥                                                                                                                   (1) 

Since VOC and Eredox can be obtained from the intercept on the voltage axis with and without the 

composite membrane, respectively, we can obtain the values of Ediff. The measured Vapp, Eredox 

and Ediff are shown in Table S1. 

 

6. Energy conversion efficiency 

The maximum energy conversion efficiency (ηmax) can be described as:  

𝜂max =
1

2
(2tn − 1)2                                                                                                                 (2) 

Where tn is the transfer number of the cation. Since tn has the maximum value of 1 when the 

membrane is perfectly cation selective, the energy conversion efficiency has the maximum 

value of 50%, tn can be described as:  

𝑡𝑛 =
1

2
(

𝐸𝑑𝑖𝑓𝑓
𝑅𝑇

𝑧𝐹
𝑙𝑛(

𝛾𝑐𝐻𝑐𝐻

𝛾𝑐𝐿𝑐𝐿
)
+ 1)                                                                                                           (3) 

where Ediff, R, T, z, F, γ and c refer to the diffusion potential, universal gas constant, the absolute 

temperature, charge number, Faraday constant, activity coefficient of ions, ion concentration, 

respectively. 
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7. Microscopic images. 

 

Figure S1. (a) TEM image of the GO nanosheets. The corresponding SAED pattern and the 

diffraction spots labeled with Miller-Bravais indices. Scale bar, 0.2 μm. (b) TEM image of the 

ANF. Scale bar, 0.2 μm. In this process, the use of strong acids and strong oxidizing agents 

such as H2SO4, HNO3 and KMnO4 could immerse the interlayer of nanosheets and oxidize the 

sheets with some function groups such as -C-OH, -C-O-C, and -COOH. 

 

 

Figure S2. SEM image of the GO/ANF membrane with thickness of ~ 2.2 μm. Scale bar, 1 μm.  
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7. Chemical and physical robustness of the GO/ANF composite membrane. 

 

Figure S3. Stability of the GO/ANF membranes in saline solution. (a, b, c) Photographs of 

GO/ANF membranes which are just immersing in acidic solution (a), neutral solution (b) and 

basic solution (c). (d, e, f) Photographs of GO/ANF membranes which have immersed in acidic 

solution (d), neutral solution (e) and basic solution (f) for a month. 
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Figure S4. The toughness and tensile strength of the GO and GO/ANF membranes. 

 

8. Experimental setup 

 

Figure S5. Schematic of the experimental setup. 
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9. Ion transport  

 

Figure S6. The zeta potential of the GO/ANF composite membrane at pH values from 2.77 to 

10.44 in 0.01 M KCl. 

 

10. Evaluation of energy conversion  

 

Figure S7. Schematic of the osmotic power converting process under a salinity gradient. 
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Figure S8. The generated energy conversion efficiency as a function of the salt concentration 

gradient. 

 

 

Figure S9. (a) Dependence of the output power density on the electrolyte concentration gradient. 

CL was fixed at 0.01 M NaCl. (b) The output power density achieves the maximum values of 

0.34, 5.06, and 14.17 W/m2, respectively, for the 5-fold, 50-fold, and 500-fold salinity gradient. 
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Figure S10. Comparison of energy conversion performance of state-of-the-art osmotic power 

generators, including two type block copolymer (BCP) hybrid membranes,5 BCP/polyethylene 

terephthalate (PET) membranes,6 polyether sulfone/sulfonated polyether sulfone (PES/SPES) 

membranes,7 polypyrrole,8 mesoporous carbon/macroporous alumina (AAO) hybrid 

membranes,9 carbon mesoporous nanowires (CMWs)/AAO membranes,10 silk nanofiber 

(SNF)/AAO membranes,2 silk fibroin (SF) membrane,11 acrylic acid–co-acrylamide–co-methyl 

methacrylate (AAc/m) hydrogels,12 covalent organic frameworks (COF) membrane,13 graphene 

oxide/polymer polyphenylsulfone (GO/PPSU) membranes,14 GO/ cellulose nanofibers (CNF) 

membrane,15 MXene/ANF membranes,1 boron nitride (BN)/ANF membrane,16 and this work. 
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Table S1. Comparison of mechanical properties among GO/ANF membranes.17-21 

 

Table S2. The corresponding values of Voc, Eredox, and Ediff. 
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